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tions be in mediating guidance decisions at choice
points? Another possible site for this mechanism to op-
erate is at the ventral midline of the CNS. In vertebrates,
commissural axon crossing of the ventral midline of the
spinal cord is regulated by a combination of long-range
and short-range, attractive and repulsive guidance cues. Let There Be Sight
Axons are initially attracted to the midline by the long-
range chemoattractant netrin-1. Once at the floor plate,
local, short-range cues are thought to play a role in
Neurogenesis begins when some members of a popula-directing these axons to cross the ventral midline. Inter-
tion of proliferative cells withdraw from the mitotic cycleestingly, it has been a long-standing observation that
and begin to differentiate as neurons. The withdrawalL1 is specifically upregulated by axons after crossing
and differentiation are both readily detectable, and nu-of the floor plate (Dodd et al., 1988). This upregulation
merous reports have implicated the expression ofof L1 surface expression occurs concomittant with
ªproneuralº genes in the decision to follow that pathway,changes in the axonal responsiveness to cues at the
but information about the control of proneural gene ex-floor plate. For instance, postcrossing axons lose the
pression is not so plentiful. In this issue of Neuron, Masaiability to be attracted to netrin-1 (Shirasaki et al., 1998).
et al. (2000) provide new insights on this subject and onFurthermore, in a recent paper in Cell, Zou and col-
the conservation of developmental signaling mecha-leagues (2000) showed that upon crossing, axons also
nisms across phyla. Their paper shows that the onsetalter their responsiveness to chemorepulsive cues. In
of retinal neurogenesis in zebrafish is triggered by theparticular, while uncrossed axons are unresponsive to
expression of ath5, a homolog of atonal. This proneuralthe Sema3B and 3F, after crossing these axons are
gene is involved in neurogenesis in the fly eye, and hasrepelled by Sema3B and 3F, presumably via activation
known homologs in other vertebrates (Xenopus: Xath5,of the NP-2 receptor. Interestingly, commissural axons
Kanekar et al., 1997; and mouse: Math5, Brown et al.,express NP-2 along the length of their trajectory, raising
1998), where it is also preferentially expressed in thethe question of how this altered responsiveness to
retina. The major contribution of Masai et al. is to identifySema3B and 3F is achieved. While Castellani and col-
leagues did not observe coimmunoprecipitation of L1 how ath5 is regulated, both proximately and from a dis-
and NP-2, it is temping to speculate that IgCAM protein± tance. Its expression is induced by nearby cells in the
mediated interactions between axons and floor plate optic stalk, the development of which is contingent on
cells may change the state of second messengers, earlier signals emanating from structures in the ventral
which would in turn modulate the responses of the axons midline. Although the title emphasizes the latter finding,
to these diffusible cues. Future studies will focus on the paper is rich with information at all levels.
elucidating the mechanisms by which growing axons The experimental approach was driven by a faith in the
integrate these diverse signals from multiple molecular conservation of developmental signaling across phyla.
interactions as they navigate between choice points. The ontogeny of the fly eye is better understood than
that of any other metazoan organ, in terms of both a
Zhigang He pure description of the normal cellular events and the
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Harvard Medical School the eye imaginal disk and advances anteriorly (see fig-
Boston, Massachusetts 02115 ure). Over the course of many hours, the unpatterned
epithelium is converted at the furrow into a proto-eye
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with its subunits, the ommatidia, arrayed in a crystalline
order. When the furrow first appears, in the early thirdBrummendorf, T., Kenwrick, S., and Rathjen, F.G. (1998). Curr. Opin.
Neurobiol. 8, 87±97. instar, the cells of the proliferative epithelium are cycling
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Three Sketches Illustrating the Three Different Waves of Neurogenesis Described in the Text
The two diagrams on the left show frontal views of the eye cups of chick and zebrafish, both attached to the optic stalks, the vertical structures
below. The optic stalk joins the retina centrally in the chick and eccentrically in the zebrafish. Neurogenesis begins at the star and advances
along a front, three phases of which are indicated by the thin lines. The front is roughly circular and expands equally in all directions in the
chick, whereas in the zebrafish it is constrained on the ventronasal side (where the stalk attaches), and so the front advances mostly in the
dorsal and temporal directions. Despite these geometric differences, the fronts are topologically similar. They are also similar to the front
traced out by the morphogenetic furrow in Drosophila, which is shown in the sketch on the right, using the same conventions.
randomly, but as the furrow approaches all cells tran- the ventronasal quadrant (see figure). No matter where
the junction, neurogenesis begins there and spreadssiently arrest in G1, and a subset, arrayed in a stripe
outward in a wave. In chick retina, the expansion isparallel to the furrow, express atonal. Groups of five
pandirectional, producing a roughly circular wave frontcells associate together to produce the clusters of pho-
(McCabe et al., 1999). In zebrafish (and probably in Xen-toreceptors that will be at the center of individual omma-
opus; Grant and Rubin, 1980), the enlargment is direc-tidia. The expression of atonal becomes restricted to
tionally constrained because there is not much retinathe central one of these, identified as the presumptive
on the ventronasal side, and the choroid fissure blocksphotoreceptor 8 (R8), around which the ommatidium will
expansion to the ventrotemporal side. Most of the avail-form. Posterior to the furrow, those cells outside the
able retina is dorsal and temporal to the site of initiation,cluster are released from the arrest and divide again;
so the front expands in those directions, roughly liketheir progeny constitute the other specialized cells
the hand on a clock sweeping the long way round from(three more photoreceptors, pigment cells, and others)
6:01 to 5:59 o'clock. In zebrafish, the first ganglion cellsthat make up the complete ommatidium. This extremely
are born at about 28 hr post fertilization (hpf) in ventrona-orderly sequence of events has produced a strong case
sal retina, and the front completes a circle in about 10of dipteran envy on the part of vertebrate developmental
hr, producing a central patch of a few hundred ganglionbiologists.
cells (Hu and Easter, 1999). Masai et al. (2000) foundThe vertebrate retina differs from that of the fly in
that ath5 was expressed initially in ventronasal retina atmany ways, including the diversity of neurons. The only
about 25hpf, and its expression swept around the retina
neurons in the fly retina are the eight photoreceptors,
in 10 hr, anticipating by about 3 hr the wave of terminal
and despite their differences (in pigment, position, and divisions that marked neurogenesis and by about 6 hr
projection target in the brain), they all do the same two the wave of differentiation indicated by axonal out-
things: transduce the light into a chemical/electrical sig- growth (Burrill and Easter, 1995). In summary, the spatio-
nal and transmit this signal to the brain. In contrast, five temporal wave of expression of ath5 and the advance
different classes of neurons in the vertebrate retina are of the morphogenetic furrow are similar in that both are
involved in this pair of tasks. The photoreceptors (rods associated with the birth of the first neurons and with
and cones) transduce the light and send their signals the expression of a proneural gene of the atonal family.
via chemical synapses to the horizontal cells and bipolar These similarities suggest that expression of ath5 is
cells, and the amacrine cells and ganglion cells process required for retinal neurogenesis, and this was con-
this message further. The ganglion cell is the only one firmed. Overexpressing ath5 caused neuroD and other
that sends an axon to the brain. These five classes of neuron-specific genes to be expressed ectopically. Two
neurons are produced at different times, depending mutants with disrupted Nodal signaling, cyc and oep,
upon type and location, and the ganglion cells are al- both of which produce the cyclopean (fused-eye) phe-
ways the first type to appear at all locations. They are notype, also proved instructive. Both show normal ex-
first seen at the junction of the retina and the optic stalk. pression of pax6 in the eye primordium, indicating that
The location of this junction varies with speciesÐat the the identity of that tissue is not altered, but neural devel-
opment differs in the two. In cyc, ath5 is expressed oncenter of the eye cup of amniotes, but in anamniotes in
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Kanekar, S., Perron, M., Dorsky, R., Harris, W.A., Jan, L.Y., Jan, Y.N.,time and the fused eye develops normal stratification
and Vetter, M.L. (1997). Neuron 19, 981±994.and neuronal markers, but in oep, ath5 is not expressed
Lebovitz, R.M., and Ready, D.F. (1986). Dev. Biol. 117, 663±671.and the fused eye remains unstratified and nonneural.
Li, Z., Joseph, N.M., and Easter, S.S., Jr. (2000). Dev. Dyn. 218,The differences in ath5 expression also correlate with
175±188.a difference in the ventral midline: prechordal plate tis-
Masai, I., Stemple, D.L., Okamoto, H., and Wilson, S.W. (2000). Neu-sue is absent from oep and present in cyc. When these
ron 27, this issue, 251±263.cells were removed from wild-type embryos, the aneural
McCabe, K.L., Gunther, E.C., and Reh, T.A. (1999). Developmenteye was phenocopied. Conversely, wild-type cells trans-
126, 5713±5724.
planted into oep mutants rescued ath5 expression.
These results suggest that the prechordal axial tissues
are important contributors to eye development, proba-
bly indirectly through their influence on the optic stalk.
The proximate cause of the expression of ath5 was
also investigated. The different phenotypes of the two Curvature in Depth
mutants correlate with the presence (in cyc) or absence for Object Representation
(in oep) of pax2.1-expressing cells nearby in the optic
stalk (see below). This suggests that these cells may
cause ath5 expression, and this was investigated experi-
Until recently, it had been widely understood that infor-mentally by manipulating these cells. When they were
mation in the primate visual system is distributed intoremoved, ath5 was not expressed; and when they were
two main pathways, dorsal and ventral, to achieve twotransplanted into temporal retina, ath5 was expressed
main goals. Motion and spatial information flow into thethere ectopically. When the zone of pax2.1 expression
dorsal pathway to be used for control of movements,was enlarged experimentally into the eye (beyond the
while the shape, color, and texture information flow intoborder of stalk and eye), ath5 expression was always
the ventral pathway for identification of objects. Imagesadjacent to cells ectopically expressing pax2.1. Thus,
of an object fall on slightly displaced locations of the leftthe induction is probably a direct one from the stalk
retina and right retina due to the horizontal separation ofcells on the adjacent retinal cells at the stalk/retina bor-
the two eyes, and this disparity can provide the positionder. The mechanism of the continued spread of the front
of the points in depth (see figure). The disparity informa-beyond the site of initiation remains unclear, but the
tion has been frequently found in cells at various stagescells at the front do not express pax2.1, so they do not
in the dorsal pathway, but not very often in cells inadopt the phenotype of the stalk cells. When a temporal
the ventral pathway. Cells with selectivity for disparityretinal fragment was cultured for hours in isolation, it
constituted 70%±80% of cells in the thick cytochromedid not express ath5, which suggests that the induction
oxidase (CO) stripes of V2 and in MT along the dorsalof ath5 at sites distant from the optic stalk may require
pathway, while only 20%±30% of cells in the thin anda continued cascade of cell-to-cell interactions. This
pale CO stripes of V2 and in V4 along the ventral pathwayresult and conclusion are contrary to those of related
showed such selectivity (DeYoe and Van Essen, 1985).experiments in chick (McCabe et al., 1999) and flies
(Lebovitz and Ready, 1986), which favored a cell-intrin-
sic mechanism. But the experiments are not exactly
similar, and the differences will probably be clarified by
future work.
This work provides further support for the notion that
all eyes share a common evolutionary and develop-
mental heritage, despite what seem to be profound dif-
ferences (Gehring and Ikeo, 1999). It opens the door to
further study of this general issue, in the particular con-
text of the pathway between Nodal and ath5.
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